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Abstract 
CVI inside battery is correlated with CCDI caused by uneven temperature or improper charge/discharge rate, so 
CVI can be used to reflect CCDI which is important when establishing a model of battery capacity decline. An 
accelerated-life experiment is conducted on a 12-series LiMn2O4 battery. Factors influencing the capacity decline are 
acquired, and CVI is analyzed, and a capacity decline model of this 12-series battery is established based on CVI, 
which is extended to any-series battery by means of probability statistics. From this model, it is clear to see how 
capacity decline vary with cell number in series-connection in the battery. 
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1. Introduction  
Ambient temperature and charge/discharge rate greatly influence the stability of materials and chemical 
reaction inside cells, which may lead to capacity decline[1-2]. When establishing a model of  cell capacity 
decline, there are generally 2 methods: (1) one method is mainly based on chemical change inside cells, 
such as the loss of lithium-ion[3], the growth of SEI and the resistance of cells[4-5], which is very 
accurate but mathematically complicated; (2) the other method is mainly based on accelerated-life 
experiments, which directly reflects how external stress such as ambient temperature and 
charge/discharge rate which influence the capacity decline and are widely adopted in both academic 
researches and practical use. Meng Xiangfeng[6] and Liu Peng[7] have established a model of battery life 
prediction based on temperature and charge/discharge rate. 
Moreover, another factor influencing battery capacity decline is CVI. Because of CVI and short-board 
effect, cell life is longer than battery life. Cell number in series-connection can also influence the battery 
capacity. The more cells in series-connection, the more badly battery declines. 
Cell voltage inconsistency is correlated with cell decline inconsistency, so the former can be used to 
analyze the latter. Based on the accelerated-life experiment of 12-series LiMn2O4 battery, a preliminary 
model of battery capacity decline is established, and factors influencing capacity decline are acquired. 
Combined with factors influencing cell voltage inconsistency, this preliminary model is reformed to 
accurately reflect how capacity of this 12-series battery decline. In order to explain the relation between 
capacity decline and cell number of battery, the model is extended by means of probability statistics. 
2. Capacity Decline Model of Battery Based on Accelerated-life Experiments 
2.1. Basic ideas and experiment design 
Experiment on 12-series LiMn2O4 is conducted under the two conditions: (1)high ambient temperature 
and high discharge rate; (2)normal temperature and normal discharge rate. 
How battery capacity will decline under external stress can be described by Gauss degradation that is 
as follow: 
            2x s,n ~ N u s,n , nV                                                                                 (1) 
where x(s,n) is the total degradation of capacity of n cycles caused by s stress, and u(s,n) is the one-
cycle-average degradation of capacity of n cycles caused by s stress, and σ2(n) is the variance of 
cumulative degradation of capacity of the n-th cycle.  
In the accelerated-life experiment, the experimental data can be used to fit the appropriate regression 
model, which describes the process of accelerated decline under different external stress. By method of 
likelihood estimation, the exact amount of capacity decline is calculated from experimental data. And the 
estimate of characteristic value of this model is u^(s, n) that is also the estimate of average-decline. 
A curve-fitting and a regression analysis are performed on u^(s, n)  calculated from experimental data 
to acquire a function of battery capacity decline: 
     1h si u s, t f s t                                                                                        (2) 
Where s is the external stress and it can be temperature T (i=1, h1(T) is a constant) or discharge rate (i=2, 
h2(Rd) is a constant). The establishment of the model of capacity decline under the external stress of 
ambient temperature or discharge rate or both is based on the formula (2). 
The battery used in this experiment is 12-series 35Ah LiMn2O4 battery, the parameters of which are 
shown in Table 1. Other devices used in the experiment are Digatron EVT500-500(charging/discharging 
machine), BMS and temperature chamber. The structure of the experiment is shown in Figure 1.  
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When testing the effects of temperature on capacity decline, discharge rate is held constant, experiment 
design is shown in Table 2; When testing the effects of discharge rate on capacity decline, temperature is 
held constant, and experiment design is shown in Table 3. 
Table 1 Parameters of 35Ah LiMn2O4 battery modules 
Parameters Value Parameters Value 
Rated capacity/Ah 35 Series number 12 
Cathode material LiMn2O4 Rated voltage 44.4V 
Anode material Graphite Internal resistance ≤12mΩ 
power 
network
Digatron EVT500-500
Battery
Temperature 
box
%06
 
Fig. 1. Experimental platform 
Table 2. Experiment scheme on temperature factor 
Temperature Charge rate Discharge rate Cycle number 
20ć 0.5C 1C 100 
40ć 0.5C 1C 30 
Table 3. Experiment scheme on discharge rate factor 
Temperature Charge rate Discharge rate Cycle number 
20ć 0.5C 1C 100 
20ć 0.5C 2C 100 
20ć 0.5C 3C 30 
20ć 0.5C 3C 30 
2.2. Model of battery capacity decline based on temperature and discharge rate 
The model of battery capacity decline based on temperature is as follow: 
0.79 ( , ) ((17.26 (4218.61/ ))u T t exp T t                                                                     (3) 
Where u(T,t) is the one-cycle-average of cumulative declined capacity of t cycles caused by the stress 
of T(temperature), and T is temperature, and t means the number of cycles. 
And the model of battery capacity decline based on discharge rate is as follow: 
   3.375 0.79d, d u R 0.53R 16.96 tt                                                                                (4) 
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Where u(Rd, t) is the one-cycle-average of cumulative declined capacity of t cycles caused by the stress 
of Rd(discharge rate), and Rd is discharge rate, and t means the number of cycles. And the factor of 
capacity decline caused by ambient temperature is as follow: 
 
2, 1
2
T T
2 1
1 1ξ t exp 4218.61
T T
ª º§ · « »¨ ¸« »© ¹¬ ¼                                                                                  (5) 
From formula (1),(2) and (3)ˈthe model of battery capacity decline based on both discharge rate and 
ambient temperature is as follow: 
   3.375 0.79d d1 1 u T,R exp 4218.619 0.53R 16.96 t293 Tª º§ ·  « »¨ ¸© ¹¬ ¼                                                                   (6) 
3. Model of Battery Capacity Decline Based on cell voltage inconsistency 
CVI is correlated with cell capacity decline inconsistency, which is an important factor when modeling 
battery capacity decline. 
Two indexes are introduced to describe the degree of CVI: (1)relative standard deviation of cell voltage; 
(2)relative range of cell voltage; The relative standard deviation index can be calculated in the following 
formula: 
 
1/2
2
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VV
 
ª º« » u« »« »¬ ¼
¦
                                                                                 (7) 
Where n is the number of cells inside battery, and Vi is the voltage of i-th cell, and  is the average cell 
voltage. 
The RR index can be calculated in the following formula: 
  ζ 100%max minV V
V'
 u
                                                                    (8) 
Where Vmax is the maximum voltage and Vmin is the minimum voltage and  is the average voltage. 
Based on the model established in the accelerated-life experiment, the model of battery capacity 
decline based on CVI is established as follow: 
     
'
n 1
1
,
    ,
1 ζ 1 ζ
d
d
u T R
u T R    c                                                                    (9) 
Where u’(Rd, t) is the declined capacity caused by all of CVI and temperature(T) and discharge 
rate(Rd), n is the number of cycles, andζ is the factor of initial CVI, and¯Ąis the factor of the evolution 
of CVI. 
Calculating the factor of evolution of cell voltage inconsistency caused by temperature is deduced as 
follow: 
T T1
ζ T 1 ζ T
 λ ζ T11 ζ 293  ˈ
˄ ˈ˅ ˄ ˅
˄ ˈ˅ ˄  ˅                                                                  (10) 
The factor of cell voltage inconsistency caused by both temperature and discharge rate is calculated 
using the formula as follow: 
     d T T1 d dζ T ζ T λ ζ ζζ 293R R R  ˈ
˄ ˅ˈ ˄ ˅                                                                  (11) 
Taking the cumulative effect of capacity decline into consideration, ζĄis calculated using the following 
formula: 
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 11 n 11 ζ  1 n[ ] ]c                                                                       (12) 
Where, ζn is the n-th life cycle ζn(T, Rd), andζ1 is the first life cycleζ1(T, Rd). 
4. Application of Probability Theory in the Model of Capacity decline 
The model of capacity decline based on the 12-series battery can be extended to any-series battery by 
means of probability theory. According to the principle of the short board effect in battery, the theoretical 
capacity of the battery is the minimum value of all cell capacities. The initial capacity of each cell C_s (I, 
t) and the declined capacity x_s (I, t) are independent of each other. According to the distribution of 
independent random variables: 
       2 2s s s c1 x c1 x C i, t C i,1 x i, t N u u ,σ σ                                                                    (13) 
The model of 12-series battery life is built based on the experimental data of accelerated-life 
experiment using the probability theory. When the temperature is 20ć and the discharge rate is 0.5C and 
1C, the distribution factor of battery capacity decline is: ux=17.49t
0.79,³x2=200.9t+1509, Fs,t’~N(17.49t0.79,  
200.9t+1509) . 
Assuming that batter life ends when it lost 20% of its capacity: 35.01ЬRd-0.038=35010mAh, and the 
reliability of battery after t cycles is: 
    0.7917.49 35010t 1 1
200.9 21544.67
n
s L
tR F t
t
ª º§ ·   « »¨ ¸¨ ¸« »© ¹¬ ¼                                                                (14) 
When the battery is composed of 12, 48, 120, 204 and 240 cells in series connection, the relation 
between reliability and battery life is shown in Figure 2. 
 
Fig. 2. Reliability of different battery pack at 20ć and 1C discharge rate 
According to battery life model based on probability theory and capacity decline model based on cell 
voltage inconsistency, the model of capacity decline of any-series battery is established as follow: 
     
'
n 1
1
,
   , η
1 ζ 1 ζ
d
d
u T R
u T R   c
 
                                                               (15) 
Where ¨is the ratio of life of any-series battery, and the life of 12-series battery when reliability is 
50%. For example, the¨  of 204-series battery and 240-series battery are 1620/2000=0.81 and 
1600/2000=0.8 respectively. 
5. Results of Different Conditions 
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In the above models, the capacity decline and life of 12-series battery can be acquired, but do not apply 
to any-series battery. However, based on probability statistics the life of any-series battery can be 
calculated, the capacity decline cannot be analyzed quantitatively. So combine them to acquire the 
characteristics of capacity decline of any-number series battery module. 
Fig. 3 shows the life of any-series battery calculated by the combined model which consists of the 
model based on cell voltage inconsistency and the model based on probability statistics in 3 conditions: (1) 
20ć, 1C discharge, 0.5C charge; (2) 20ć, 2C discharge, 0.5C charge; (3) 40ć, 1C discharge, 0.5C 
charge. It can be seen that 240-series battery module goes through 320-series less cycles than 48-series 
battery module in condition 1, indicating a 17.8% decrease, and 110 less cycles in condition 3, indicating 
a 17% decrease. Moreover, life cycles of the 48-s battery mode decreases as the discharge rate and the 
temperature increasing. Under the condition 1 and 3, when the discharge current rate is increased from 1C 
to 2C, the life cycles have a 20% decrease; and when the temperature rises from 20ć to 40ć, the life 
cycles have a 62% decrease. The results indicating that the life cycles of LiMn2O4 battery is intensely 
affected by high temperature. 
 
Fig. 3. Life calculated by probability statistical model 
Table 4 shows the capacity decline characteristics of any-number series battery module based on a 
combined model in condition 1. It can be seen that cycle number of 240s battery module is 1457 times, 
indicating a 25.5% decrease when compared with 12s battery module, and in the same cycle, such as the 
1500 cycle times, capacity deterioration ratio of 12-series battery module is 5.7%, but changes 20.8% 
when battery series numbers increase to 240. So the number of cells in series connection is also an 
important factor in determining the battery life. 
Table 4. Comparison of capacity deterioration of battery modules with different number of cells in series 
Cycle 
times 
12S battery module 204S battery module 240S battery module 
Deterioration 
capacity (Ah) 
Deterioration 
ratio 
Deterioration 
capacity (Ah) 
Deterioration 
ratio 
Deterioration 
capacity (Ah) 
Deterioration 
ratio 
300 1.59 4.54% 1.92 5.63% 1.99 5.75% 
500 2.38 6.80% 2.90 8.36% 2.96 8.53% 
1000 4.13 11.80% 5.0 14.46% 5.16 14.75% 
1500 5.70 16.3% 6.99 20.1 % 7.13 20.8% 
Life 1946 times 1488 times 1450 times 
6. Conclusions 
Based on the experiment of 12-series LiMn2O4 battery, life-predicting models of battery are established 
taking temperature and discharge rate into consideration. Based on these models with supplement of the 
analysis of CVI, another model is established to analyze the capacity decline of battery. Further, a life-
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predicting model based on probability statistics is established to explain the relation between number of 
cells in series-connection and the life of battery. According to these models, it is clear that battery life is 
influenced by both number of cells in series-connection and CVI, so a model incorporating the two is 
good at predicting the life of battery. 
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